Objectives: In the course of extensive clinical aortic surgery, we noticed that the aorta was quite thick and fibrotic in diabetic patients. We thought the diabetic aortic aorta might be inimitable to aortic dissection. On this basis, we set out to review information in the literature regarding aortic growth and dissection in diabetic patients. Methods: We used a 2-step search approach to the available literature on diabetes and aneurysm. Firstly, databases including PubMed, Cochrane, Embase and TRIP were searched. Secondly, relevant studies were identified through secondary sources including references of initially selected articles. We address the relationship between diabetes and the incidence, prevalence, growth, mortality and rupture of an aneurysm. Results: Diabetes is thought to exert a protective role in both thoracic aortic aneurysm (TAA) and abdominal aortic aneurysm (AAA). Diabetics were shown to have a slower aneurysm growth rate, lower rupture rate, delayed (> 65 years) age of rupture, decreased rate of mortality from an aneurysm and a decreased length of hospital stay. There was also noted a decreased rate of incidence and prevalence of TAA and AAA in diabetics, smaller aneurysm diameter, reduction in matrix metalloproteinases and an increased aortic wall stress in diabetics. Antidiabetic agents like metformin, thiazolidinediones and dipeptidyl peptidase-4 inhibitors may protect against an aneurysm. Conclusion: Our literature review provides strong (but often circumstantial) evidence that diabetic patients exhibit slower growth of aortic aneurysms and a lower rate of aortic dissection. Furthermore, clinical and experimental studies indicate that common antidiabetic medications on their own inhibit growth of aortic aneurysms. These findings indicate a paradoxically beneficial effect of the otherwise highly detrimental diabetic state.
Introduction
This paper reviews the evidence in favor of a paradoxical protective effect of diabetes mellitus (DM) in aortic aneurysm disease, both thoracic and abdominal.
Aortic aneurysm is the 19th leading cause of death in the USA [1] . Aortic aneurysms were the primary cause of 9,863 deaths in 2014 and a contributing cause in more than 17,215 deaths in the USA in 2009 [2] .
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Aortic disease is naturally divided by the ligamentum arteriosum ( Fig. 1) . In aneurysm disease, the aorta proximal to the ligamentum is generally smooth, noncalcified, nonarteriosclerotic and strongly genetically mediated. In contrast, below the ligamentum, the aorta is irregular, calcified, arteriosclerotic and intimately related to traditional arteriosclerotic risk factors [3] . Atherosclerosis and hypertension are important contributors to the development of descending thoracic aortic and abdominal aortic aneurysm (AAA) [4, 5] . Causation of ascending thoracic aortic aneurysm (TAA) is genetic or familial, with Marfan's syndrome being one of the major genetic causes [3] . Other genetic causes include Ehlers-Danlos syndrome, Loeys-Dietz syndrome, bicuspid aortic valve and familial aortic dissection [6] . This discrepancy between ascending and abdominal aneurysms could also be due to the absence of vasa vasorum in the abdominal aorta, making it more susceptible to injury due to lack/loss of nutrition to the aortic wall itself [7, 8] .
Paradoxically, diabetes, which is a major risk factor for cardiovascular, cerebrovascular and peripheral vascular diseases, could potentially be protective against aneurysms. Surgeons have long noted that the diabetic aorta appears grossly thickened in the operating room, and dense and fibrous as well -perhaps inimitable to aortic dissection, which, by appearances, would have a hard time rending this dense aortic wall. There has been a longstanding suspicion that diabetes might have a preventive role not only in the presence, but also the growth of an aneurysm. This paper will be organized as follows. "Methods" will describe our literature search strategy. "Background" will discuss the pathophysiology of aneurysm formation. "Potential Mechanisms" will discuss biological pathways through which diabetes may be protective. Then, the sections on "Epidemiologic Impact," "Thoracic Aortic Aneurysm," and "Abdominal Aortic Aneurysm" will discuss specific experimental and clinical findings in aneurysm disease in general and in thoracic and abdominal subtypes specifically. Finally, "Drugs and Aneurysm" will explore the possibility that the drugs used to combat diabetes may in and of themselves exert protective effects against aneurysm development and progression. A table is provided which summarizes key experimental and clinical findings.
Methods (Literature Search Strategy)
We used a 2-step search approach to the available literature on diabetes and aneurysm. Firstly, databases including PubMed, Cochrane, Embase and TRIP were searched. Secondly, relevant studies were identified through secondary sources including references of initially selected articles (Fig. 2) . Search terms used were: aortic aneurysm, thoracic; aortic aneurysm, abdominal; incidence; prevalence; aortic aneurysm; diabetes mellitus; growth; hyperglycemia; hypoglycemic agents; aortic aneurysm/drug therapy. We did not follow formal PRISMA guidelines (http://prisma-statement.org/) for this less formal overview of a complex and multifaceted topic. The complex mechanism of aortic aneurysm formation is known to involve infiltration of the aortic media by inflammatory cells such as macrophages and monocytes in response to aortic injury [9] . This increase in macrophages results in disrupted ECM (extracellular matrix) remodeling. ECM remodeling requires a balance between proteases and their inhibitors [9] . Proteases like matrix metalloproteinases (MMPs) have been shown to have a deleterious effect on the aorta [10] . In aneurysm disease, there has been an increase in proteases like MMPs and a depression in their inhibitory enzymes (tissue inhibitors of metalloproteinases) [10] . This causes destruction of collagen and elastin in the ECM and loss of smooth muscle cells [11] . ECM breakdown by MMPs is responsible for thinning and destruction of the normal architecture of the aortic wall, rendering it susceptible to dilation and aneurysm formation [12, 13] . (Fig. 3) [10] .
Studies have shown an increase in MMP enzymes in aneurysmal tissue [10, 13] . MMPs belong to a family of zinc-and calcium-dependent endopeptidases that play a major role in degradation of the connective tissue [14] . The regulation of MMPs is very stringent, with activation occurring at several levels of gene expression via activation of promoters and inhibitors, while inhibition is predominantly effected by tissue inhibitors of metalloproteinases [14, 15] . Twenty-six different MMP types have been identified and classified on the basis of their specificity [16] . Amongst these, MMP-2 and MMP-9, also known as gelatinase A and B, respectively, and MMP-3 are mainly responsible for degradation of elastin and collagen upon proteolytic activation [11, 17] . Increased levels of MMP-2, MMP-3 (29.6 and 142.4% higher in TAA vs. controls, respectively) [11] , MMP-1, -2 and -9 have been seen in TAA, in dissection [13] , and in AAA [18] . Inflammatory cytokines like IL-1β and TNF-α have been shown to increase MMP-2 [11] . AGEs (advanced glycation end products) are a group of complex compounds formed by nonenzymatic glycation of proteins [11] . When AGE interacts with its receptor (RAGE), this results in activation of cytokines like IL-1β, IL-6 and TNF-α, thus forming reactive oxygen species (ROS). This in turn increases MMPs, contributing further to aortic aneurysm formaArticles excluded (unrelated topic, did not meet inclusion criteria, non-English articles, only abstract available) (n = 94)
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Articles identified through database search (PubMed, Embase, Cochrane and TRIP) (n = 110) Fig. 2 . Flowchart incorporating the algorithm of search strategy. tion [11] . Serum levels of AGE in TAA patients were found to be 6.3 times higher, compared to a control group [11] . Hyperglycemia leads to production of ROS and oxidative stress in diabetes. These inflammatory reactions are aggravated by the action of AGEs on RAGEs. Thus, diabetes would be expected to be a risk factor for the development of aortic aneurysms [19] . Plasmin, an important enzyme in the fibrinolytic pathway, degrades fibrin and converts latent MMPs into active MMPs [20, 21] . Studies have associated the fibrinolytic pathway (Fig. 4 ) with aortic aneurysm [22] . In the fibrinolytic pathway, plasmin degrades fibrin with the help of tissue plasminogen activator and urokinase plasminogen activator, thus forming fibrin degradation products [20] . Plasmin also activates MMPs, which in turn increase proteolysis in the aortic wall, further contributing to aneurysm formation [20] . An increase in plasminogen activator, which is responsible for accelerating the conversion of plasminogen to plasmin in the fibrinolytic pathway, has been seen in patients with AAA, along with an increase in plasmin [22, 23] . Plasminogen activator inhibitor-1 inhibits tissue and urokinase plasminogen activators, thereby reducing the conversion of plasminogen to plasmin and decreasing the activation of MMPs, which in turn results in reduced inflammation, structural degradation and aneurysm formation. Disturbances in these complex regulatory enzymatic processes are an important component of the causation of TAA and AAA.
Potential Mechanisms for Protection in Diabetes
Many studies have analyzed potential mechanisms for the protective association between diabetes and aortic aneurysm (Table 1) . Findings are as follows:
Wall Stress
Wall stress is said to be greater in the aorta than other arteries, with men having higher wall stress than women [24] . An imbalance between wall stress and the intrinsic strength of the aortic wall is proposed to be the cause of aortic dilation and is also related to initiation of aneurysm dissection and rupture [7] . This was demonstrated by biaxial mechanical stretching of human aortic wall samples, permitting construction of mathematical models for rupture and dissection (Fig. 5a, b ) [25] [26] [27] . An increased diameter of the aorta in an aneurysm causes decreased compliance and distensibility of the aortic wall, rendering it rigid [10] . This causes more of the force of cardiac contraction to be applied on the rigid aorta, thus increasing wall stress [10] .
In two recent studies looking at the interaction between diabetes and aneurysm, the law of Laplace was used to measure wall stress. Lumen diameter (LD) and intimal medial thickness (IMT) were entered into the equation [4, 7] : (Note that a thicker aorta, represented by IMT, will decrease wall stress.)
Lumen diameter in the abdominal aorta was shown to increase with age between 25 and 70 years in both males and females, from 13.3 to 17.3 mm [7] . Also, men were found to be more prone to increases in wall stress with advancing age, making the aorta more vulnerable [7] .
Aortic IMT and wall stress in the diabetic and nondiabetic groups have been studied and compared [4] . Results showed a 22% increase in IMT in diabetics versus the control group and a resulting 20% decrease in wall stress in diabetics versus a control group (Fig. 6a, b) [4] . The thick- er aortic wall in diabetes exerts a strong potential protective factor against aneurysm disease, since the thicker wall reduces wall stress (by LaPlace's law) [4] .
Interestingly, tensile wall stress has been shown to act as a stimulus for increased connective tissue production and further (protective) wall thickening [28] .
Matrix Metalloproteinases
Secretion of MMPs occurs via endothelial cells and macrophages [15] . An extracellular pathologic feature of diabetes is a thickened basement membrane due to deposition of excess collagen and fibronectin. This alteration of the basement membrane is effected by MMPs and tissue inhibitors of metalloproteinases [29] . The process of collagen loss and thinning of the aortic wall in aneurysm is slowed in patients with DM [18] . Reduced levels of MMP-2 and -9 have been observed in diabetics with AAA [18, 30] . A study was conducted to investigate the activity and presence of MMPs in AAA patients with and without diabetes [29] . A reduction was found in concentrations of MMP-1, MMP-2 and MMP-9 in diabetics. This decrease is thought responsible for vascular remodeling causing thickening of the aortic wall and decelerated matrix loss in the diabetic aneurysm patient [18] .
Experimental studies using human umbilical vein endothelial cells exposed to varying levels of glucose have shown an association between blood glucose and MMP activity. These experiments showed an increase in MMP activity with increasing blood glucose levels, especially MMP-1, MMP-2 and MMP-9 [15] . However, this would mitigate against any protective role that DM could have against aortic aneurysm.
Advanced Glycation End Products
Glycation of ECM due to high levels of glucose increases AGEs in diabetics [18, 31] . AGE is responsible for forming covalent cross-links within the ECM, especially between elastin and collagen in the vessel wall [32] . These effects stiffen the aortic wall and resist proteolysis, therefore protecting against aneurysm [18, 30, 33] . Contrary to Reprinted with permission from Martin et al. [25] , Pham et al. [26] and Elefteriades et al. [27] . b Engineering analysis combining tensile strength from uniaxial testing with mathematic modeling from biaxial testing permits "prediction" of exact sizes at which rupture and dissection would have occurred. Reprinted with permission from Elefteriades et al. [27] . this, however, as mentioned above, other studies [11] have suggested that an increase in AGE and RAGE upregulates inflammatory mediators, encouraging formation of an aortic aneurysm [11] . In such complex pathophysiologic environments as the aneurysmal aortic wall, not all data can be expected to be consistently concordant.
Epidemiologic Impact of Diabetes on Aneurysm Disease
Diabetes is thought to exert a protective role in both TAA and AAA. There are two important studies that analyzed the relationship of diabetes with both TAA and AAA.
Diabetic and nondiabetic patients with TAA, TAAA (thoracoabdominal aortic aneurysm) or AAA were included in the first study [34] . Many variables, such as rupture, age at rupture and mortality, were studied in the patients. In TAA rupture, it was observed that 3.1% of ruptured TAAs were diabetic whereas 12.1% of nonruptured TAAs were diabetic [34] . In TAAA rupture, none of the ruptured TAAAs were diabetic, whereas 11.2% of nonruptured TAAAs were diabetic [34] . In AAA rupture, 6.4% of ruptured AAAs were diabetic, whereas 12.4% of nonruptured AAAs were diabetic. As for age at rupture, not even a single diabetic under the age of 65 years suffered from a ruptured aneurysm, while 15% of nondiabetics developed rupture under 65 years. The median age of aneurysm rupture in both diabetic and nondiabetic patients was 74 years [34] . Concerning mortality, the percentage of patients dying due to an aneurysm rupture was 23.9% in nondiabetics and 8.8% in diabetic patients [34] . The growth rate of AAA in diabetic patients was seen to be much slower than that of nondiabetics [34, 35] . This is thought to be due to reduced MMP production and increased collagen cross-linking associated with hyperglycemia, which in turn also resists proteolysis and apoptosis in the aortic wall, specifically in the abdominal aorta [34, 35] .
A more recent study (2015) looked at how the severity of diabetes affected TAA and AAA with or without rupture [36] . Aneurysm patients were divided into 2 groups: with type 2 DM and without DM. Hazard ratios were calculated to assess the association. Results showed an overall 15% reduction in incidence of TAA and AAA in the type 2 DM group [36] . Reduced occurrence of ruptured TAA and unruptured AAA was seen in type 2 DM patients, with an adjusted hazard ratio of 0.50 and 0.53, respectively [36] . All these data show evidence of a protective effect of DM.
This study also compared risks between men and women, showing a reduced protective effect of diabetes in women with TAA or AAA compared to men. This could be due to estrogen, which possibly plays an important role in worsening the prognosis in women [36] . However, this is a controversial scenario because other studies have suggested a decrease in destruction of the aortic wall and lower levels of MMP in the presence of estrogen thus lowering the incidence of AAA in women compared to men [37] . However, those women who develop an AAA have a poorer prognosis compared to men [37, 38] . The potential protective role of DM in women, accordingly, appears more muted. Specific Impact of Diabetes on TAA TAA is a potentially lethal disease, which is often asymptomatic until a devastating fatal rupture or dissection occurs [12, 39] . About 10.4/100,000 people develop a TAA per year in the USA [39] . There are several studies that have studied the association of DM with TAA or thoracic aortic disease.
A study conducted in Spain used the national hospital discharge data to analyze various outcomes including discharge rate, length of hospital stay and in-hospital mortality in thoracic aortic aneurysm and dissection (TAAD). This study found a reduced length of hospitalization and reduced mortality in the diabetic patients [40] .
A 2012 study used data from a nationwide inpatient sample of hospitalized patients to determine associations between DM and TAAD [41] . The authors found increased TAAD hospitalizations among nondiabetics compared to diabetics [41] . The incidence of TAAD in diabetics was lower than in nondiabetics and this inverse association was stronger in those with chronic diabetes complications [41] . This implies that the severity of hyperglycemia may play a potential protective role in aneurysm patients.
A meta-analysis and literature search carried out to study the association between DM and TAA/TAD showed a decrease in incidence of TAA/TAD among diabetics and also a reduced rate of aneurysm rupture [42] . As well, patients with DM demonstrated a slower aneurysm growth rate compared to non-DM patients [42] .
Specific Impact of Diabetes on AAA
AAA is a localized and full thickness dilation of the abdominal aorta due to weakening of the aortic wall [43, 44] . AAA and atherosclerosis share many common risk factors, including age, smoking, hypertension and hypercholesterolemia [45] .
A number of literature searches have been undertaken to study the impact of DM on incidence [46] , prevalence [18, 46] , growth rate, aortic diameter and operative mortality of AAA [30, 33, 43, 47] . Results showed a lower incidence and prevalence of AAA in diabetics [30, 33, 43, 46, 47] . This was more evident in men than women [46] . Studies have confirmed that aneurysms are smaller in diabetics than nondiabetics, suggesting that DM may potentially be protective from the early stages of AAA [18] . One meta-analysis found that the prevalence of DM in AAA patients was only 6-14% and in controls without AAA ranged from 17 to 36% [18, 30, 43] . The growth rate and rupture rates of AAA in diabetics were also lower compared to nondiabetic patients [30, 33, 46, 47] . 12,203 men were included in the screening for AAA, which showed that the median aortic diameter was slightly but significantly smaller in the diabetic males versus nondiabetic males (21.3 ± 3.9 vs. 21.6 ± 3.8 mm, p < 0.0001) [48] . However, as might be expected, when surgery was needed for the AAA, a higher rate of complications was seen among diabetics [46] .
Golledge et al. [31] studied the impact of DM on AAA expansion and the effect of glycation on monocyte-matrix interactions. A mean increase in aortic diameter was 1.88 ± 2.37 and 3.60 ± 3.49 mm over 3 years of follow-up in patients with and without diabetes, respectively (p = 0.02). (Fig. 7) [31] . When the authors examined the effect of glycation on secretion of MMP-2, MMP-9 and IL-6 from monocytes (by incubating monocytes with glycated collagen lattices), they found reduced secretion of MMP-2, MMP-9 and IL-6 [31] .
De Rango et al. [49] used data from CAESAR (Comparison of Surveillance versus Aortic Endografting for Small Aneurysm Repair) to compare diabetics and nondiabetics with small AAAs. CAESAR is a multicenter randomized trial comparing the efficacy of endovascular aortic repair versus surveillance in small AAAs. Many factors were studied, including adverse events, growth rate and type of repair. The adverse event rate did not differ significantly between diabetics (13.8%) and nondiabetics (11.8%). The growth rate in the 1st year of study was 0.044 mm in both groups. However, in the 2nd year the AAA growth rate was substantially higher in nondiabetics than in diabetics (0.07 vs. 0.008 mm). Kaplan-Meier analysis was used to analyze the aneurysm enlargement using a cutoff of 5 mm. Diabetic patients in the surveillance group showed a lower probability of aneurysm growth > 5 mm at 36 months, with a 68% risk reduction compared to nondiabetics (Fig. 8) . Also, diabetics in the surveillance group demonstrated less need for endovascular aortic repair at 30 months compared to nondiabetics.
Dua et al. [22] studied the role of hyperglycemia on aortic diameter in induced AAA mouse models. Aortic diameter in DM-AAA mice was 0.92 ± 0.02 versus 1.08 ± 0.05 mm (p < 0.05) in nondiabetic AAA mice [22] . DM-AAA mice showed an increase in plasminogen activator inhibitor-1 level (with reduced plasmin), resulting in decreased MMP-2 and MMP-9 and thus protecting against aneurysm formation (Fig. 9) [22] .
Miyama et al. [50] investigated the role of hyperglycemia on aortic diameter, medial neovascularity and MMP-9 level. A statistically significant reduction in aortic diameter was seen in DM-AAA mice compared to controls (p = 0.047). Aortic medial neovascularity has been shown to play a role in aneurysm pathogenesis via its close involvement with MMP activation in the proteolytic degradation of the aortic wall [50, 51] . This study showed a decrease in neovessel density, macrophage infiltration and MMP-9 levels, demonstrating hyperglycemia to be protective against the formation of an aneurysm.
Role of Hypoglycemic Agents on Aneurysm
There is evidence from clinical and experimental studies that the drugs used to treat DM may protect against aortic aneurysm, both TAA and AAA. Multiple antidiabetic drugs have been studied in this regard.
Role of PPAR-γ Agonists in Aortic Aneurysm
PPAR-γ is the main target of the drug class of thiazolidinediones. (Drugs in this class include rosiglitazone and pioglitazone.) These antidiabetic agents exhibit anti-inflammatory effects by reducing the levels of TNF-α [52, 53] . 1 A study conducted in Japan by Motoki et al. [52] divided aneurysm patients into 2 groups: one receiving a PPAR-γ agonist and the other a control group. The study compared aneurysm size, gene expression of adiponectin (which regulates blood glucose levels) and proteolytic and inflammatory activity including MMP-2, MMP-9 and TNF-α. There was no significant difference in aneurysm size between groups. However, gene expressions of adiponectin and MMP-2, MMP-9 and TNF-α were significantly reduced in the PPAR-γ agonist group of patients, suggesting a potent anti-aneurysm effect. PPAR-γ agonists, in addition to improving insulin sensitivity [54] and exerting anti-inflammatory effects, are also considered to be antiatherosclerotic [55, 56] . 2 Jones et al. [57] conducted a study on aortic aneurysm in a mouse model. The mice were divided into 4 different groups. AAA was induced using angiotensin-II (Ang-II) in 3 groups, while the 4th group received saline. The 1st was a positive control group without rosiglitazone, the 2nd received rosiglitazone before treatment, the 3rd received post-treatment rosiglitazone, and the 4th group as mentioned above was a control which received saline. In the positive control group, 37% of mice died of aortic rupture and 53% developed an aneurysm. Pretreatment with rosiglitazone showed a 23% reduction in aneurysm formation. Post-treatment with rosiglitazone showed a 20% reduction in aneurysm formation and abolished death caused by rupture. Rosiglitazone treatment, both pre and post, increased collagen production in the Ang-II-induced aneurysm mice and also reduced inflammatory mediators like TNF-α and IL-6. Contradictory to other studies, the mice showed no change in MMP-2 or MMP-9 levels with either pre-or post-treatment with rosiglitazone. Therefore, rosiglitazone was shown to reduce inflammation and make the aortic wall thicker by increasing collagen production. Rosiglitazone prevented rupture and death. 3 Pirianov et al. [58] looked at the protective role of rosiglitazone on induced aneurysm animal models by dividing them into 2 groups: one a positive control mouse model with induced aneurysm but without rosiglitazone, and the second a mouse model with induced aneurysm but with administered rosiglitazone. In the control group, 53% developed aneurysms and 37% died of aneurysm rupture. In the rosiglitazone group, rupture was completely abolished, and aneurysm formation was reduced to 23%. Rosiglitazone has also been shown to inhibit Ang-II, which increases the formation of an experimental aneurysm by several means, two of those involving c-Jun N-terminal kinase (JNK) and TLR4 [58] . JNK plays a critical role in extrinsic and intrinsic apoptotic pathways by activating apoptotic signals via proapoptotic genes [59] . Increased levels of JNK were observed in the experimental aneurysm mouse models [58] . However, administration of rosiglitazone in mice inhibited Ang-II-me- diated activation of JNK, thereby reducing the formation of aneurysms. Rosiglitazone was also found to reduce the proinflammatory mediators which are responsible for the formation of AAA, thus demonstrating that the antidiabetic rosiglitazone may play an additional potential protective role in aneurysm formation [58] .
Role of Metformin in Aortic Aneurysm
Metformin is one of the oldest prescribed drugs for diabetes. It improves hyperglycemia without increasing weight or resulting in hypoglycemia [60] . In addition to glycemic control, metformin has cardiovascular benefits and is also vasculoprotective [60] [61] [62] . Metformin potentially exerts this mechanism of action via phosphorylation of AMP-activated protein kinase (AMPK) [60] . AMPK plays an important role in metabolic regulations like glycemic control via its effect on several glucose-activated lipogenesis genes and GLUT4 transporter. Metformin also controls lipid synthesis by activation of AMPK, which potentially inhibits the acetyl-CoA enzyme responsible for synthesis of fatty acids [60] . 1 Vasamsetti et al. [61] studied the above effect of metformin on AMPK and also its role on monocyte-macrophage differentiation, which is involved in inflammatory processes. In an Ang-II-treated mouse model, an increase in phorbol myristate acetate-induced monocyte-dependent proinflammatory cytokines like IL-1β and TNF-α was observed. However, in the presence of metformin, the Ang-II-treated mice showed a reduction in proinflammatory cytokine levels, indicating the protective role of metformin in the inflammation pathway. This could be the potential role via which metformin protects diabetics against the formation of an aortic aneurysm [61] . 2 Fujimura et al. [63] aneurysm formation. Histopathologic features of the study suggested a metformin-induced decrease in proinflammatory cells like B cells, macrophages, and CD4 and CD8 cells. A decrease in mural neovessel density was also noted in the metformin mice, as well as a reduction in elastin degradation, smooth-muscle cell depletion and aortic inflammation [63] . Elastin degradation has been shown to increase during aortic aneurysm pathogenesis along with increased smoothmuscle depletion resulting in a weakened aortic wall susceptible to rupture. These are potentially harmful pathways inhibited by using metformin, which thus appears to play a significant protective role (Fig. 10) . 3 In an important clinical study on 1,697 patients, Golledge et al. [64] found that prescription of metformin was associated with reduced AAA growth (odds ratio = 0.13-0.59 in groups followed by various protocols). This study suggests a potential clinical role for metformin in limiting AAA growth.
Role of DPP-4 Inhibitor in Aortic Aneurysm
Dipeptidyl peptidase-4 (DPP-4) inhibitors, like alogliptin and vildagliptin, belong to another class of drugs used in the treatment of DM. These act by inhibiting the proteolytic enzyme DPP-4, resulting in delayed breakdown of glucagon-like peptide-1 and thereby enhancing glycemic control [65] . Studies have shown a beneficial effect of DPP-4 on aortic aneurysm. 1 Bao et al. [66] studied the role of orally administered alogliptin, a DPP-4 inhibitor, in preventing AAA in rats through its antioxidant effect. Rats received water and low-dose or high-dose DPP-4 inhibitors. Macroscopic findings showed significantly reduced aortic dilation in DPP-4 inhibitor-treated rats compared to water-treated rats (Fig. 11) . ROS are closely associated with inflammation, cell damage and rupture, and are also reported to be intimately involved in the pathogenesis of AAA [66, 67] . ROS induces apoptosis, inflammation, loss of elastin and aortic wall thinning via matrix-degrading enzymes, thus resulting in aneurysm formation. This study showed an increase in MMP-2 and MMP-9 mRNA activity in induced aneurysm rats [66] . However, rats treated with alogliptin showed suppression of ROS activity, preventing the destruction of the aortic wall. MMP-2 and MMP-9 levels were also reduced. These findings suggest a strong protective role of DPP-4 inhibitors, particularly alogliptin, against formation of AAA. 2 Lu et al. [68] studied the role of sitagliptin, a DPP-4 inhibitor, in induced AAA animal models. The incidence of AAA in Ang-II-infused mice was 55.6%, while sitaglitpin-treated mice had a much lower inci- dence rate of 4-8%. This team also studied elastin and collagen alterations using Verhoeff-Van Giesson and Masson's trichrome staining, which showed complete fiber disruption and increased matrix irregularities in Ang-II mice. On the other hand, the elastin and collagen disruptions were attenuated in sitagliptin-treated mice. Sitagliptin-treated mouse models showed lower MMP-2 and MMP-9 activity, reduced apoptosis in the aortic wall and significant reduction in the macrophage infiltration. All these factors indicate a potential protective role of sitagliptin in the incidence of AAA. Reduction of MMP-2 and MMP-9 Reduction of macrophage infiltration (angiotensin-II-induced aneurysm treated with sitagliptin in mice) Suppression of ROS activity (alogliptin-induced diabetes in mice) Metformin showed attenuated aneurysm formation by: 
Clinical Data Regarding Aneurysm Protection
In an important study, Hsu et al. [69] conducted a case-control analysis using the National Taiwanese Database. They compared 4,468 patients with aortic aneurysm and 4,468 matched controls. Metformin-, sulfonylureaor thiazolidinedione-treated patients had a significantly lower risk of developing aortic aneurysm than those not so treated. Furthermore, the beneficial effects on aortic aneurysm for metformin and sulfonylurea were dose responsive. This study provides encouraging clinical, albeit indirect, evidence for a pharmacologic benefit to actual human patients. Also, a large meta-analysis of clinical studies of prevalence and growth rate of AAA showed a strong suppressive impact of diabetes [70] .
Discussion
Aneurysms are formed by degradation and fragmentation of the aortic wall. This may be caused by a number of factors, including oxidative stress, apoptosis and inflammatory mediators, leading to loss of elastin and disorganization of collagen, and eventuating in dilatation of the aorta [57, 69] . The aim of this review was to study the role that DM has to play in AAA and TAA. This review largely confirms the surgeon's "on the table" impression that the diabetic aorta is inimitable to growth and dissection. Specifically, we find that, based on the current data, (1) DM itself protects against aortic aneurysm and dissection, and (2) medications used to treat DM appear to confer an additional, independent protection against aneurysm and dissection.
Our findings are consistent with other reviews on this topic, including those by Takagi et al. [71] and De Rango et al. [46] , although our paper includes TAA as well as AAA.
It can fairly be stated that substantial evidence is accumulating that diabetes and the medications used to treat diabetes have a protective effect against formation and growth of both thoracic and abdominal aortic aneurysms. These findings are paradoxical in the sense that diabetes has always been conceived as a powerful promoter of vascular disease. A summary of the fascinating and unexpected data gleaned from animal models and human studies supporting the beneficial role of DM and hypoglycemic agents in aortic aneurysm is presented in Table  2 .
